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Abstract
The exclusive K+ meson production in a proton-nucleus collision, leading to two body final
states, is investigated in a fully covariant two-nucleon model based on the effective Lagrangian
picture. The explicit kaon production vertex is described via creation, propagation and decay into
relevant channel of N∗(1650), N∗(1710) and N∗(1720) intermediate baryonic states in the initial
collision of the projectile nucleon with one of its target counterparts which is modeled by the one-
pion exchange process. The calculated cross sections show strong sensitivity to the medium effects
on pion propagator and to the final hypernuclear state excited in the reaction.
PACS numbers: 25.40.V e, 13.75.− n,, 13.75.Jz
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I. INTRODUCTION
Λ hypernuclei have been studied extensively by stopped as well as in-flight (K−, pi−) re-
action [1] and also by (pi+, K+) reaction [2, 3]. The kinematical properties of the (K−, pi−)
reaction allow only a small momentum transfer to the nucleus, thus there is a large prob-
ability of populating Λ-substitutional states in the residual hypernucleus. On the other
hand, in the (pi+, K+) reaction the momentum transfer is larger than the nuclear Fermi mo-
mentum. Therefore, this reaction can populate configurations with an outer neutron hole
and a Λ hyperon in a series of orbits covering all bound states. During past years data
on the hypernuclear spectroscopy have been used extensively to extract information about
the hyperon-nucleon interaction (which could be quite different from the nucleon-nucleon
interaction) within a variety of theoretical approaches (see, e.g., [4, 5]).
Alternatively, Λ-hypernuclei can also be produced with high intensity proton beams via
the (p,K+)ΛB reaction where the hypernucleus ΛB has the same neutrons and proton num-
bers as the target nucleus A. First set of data for this reaction on deuterium and helium
targets, have already been reported in Ref. [6]. More such measurements involving heav-
ier targets are expected to be performed at the COSY facility of the Forschungszentrum,
Ju¨lich [7]. The states of the hypernucleus excited in the (p,K+) reaction may have a dif-
ferent type of configuration as compared to those excited in the (pi+, K+) reaction. Thus a
comparison of informations extracted from the study of two reactions is likely to lead to a
better understanding of the hypernuclear structure.
Theoretical studies of the A(p,K+)ΛB reaction are rather sparse and preliminary in
nature [8, 9, 10]. They are based on two main approaches; the one-nucleon model (ONM)
[Fig. 1(a)] and the two-nucleon model (TNM) [Fig. 1(b) and 1(c)]. In the ONM the incident
proton first scatters from the target nucleus and emits a (off-shell) kaon and a Λ hyperon.
Subsequently, the kaon rescatters into its mass shell while the hyperon gets captured into
one of the (target) nuclear orbits. Thus there is only a single active nucleon (impulse
approximation) which carries the entire momentum transfer to the target nucleus (about
1.0 GeV/c at the outgoing K+ angle of 0◦ ). This makes this model extremely sensitive to
details of the bound state wave function at very large momenta where its magnitude is very
small leading to quite low cross sections. In the ONM calculations of (p,K+) and also of
(p, pi) reactions the distortion effects in the incident and the outgoing channels have been
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found to be quite important [10, 11, 12]).
In the two-nucleon mechanism (TNM), on the other hand, the kaon production proceeds
via a collision of the projectile nucleon with one of its target counterparts. This excites
intermediate baryonic resonant states which decay into a kaon and a Λ hyperon. The nucleon
and the hyperon are captured into the respective nuclear orbits while the kaon rescatters
into its mass shell. In this picture there are altogether three active bound state baryon
wave functions taking part in the reaction process allowing the large momentum transfer
to be shared among three baryons. Consequently, the sensitivity of the model is shifted
from high momentum parts of the bound state wave functions (not very well known) to
those at relatively lower momenta where they are rather well known from (e, e′p) and (γ, p)
experiments and are relatively larger. This could lead to larger cross sections. Moreover, in
the TNM studies of other large momentum transfer reactions like (p, pi), (γ, pi), and (γ, η) the
distortion effects have been found to be less pronounced [13, 14]. This type of two-nucleon
model has not yet been applied to the study the A(p,K+)ΛB reaction.
All previous calculations [8, 9, 10] of the A(p,K+)ΛB reaction, have been done within
the non-relativistic framework. However, for processes involving momentum transfers of
typically 400 MeV/c or more, a non-relativistic treatment of corresponding wave functions is
questionable as the lower component of the Dirac spinor is no longer suppressed in this region
(see, e.g, Ref. [15]). Furthermore, in the non-relativistic description one must resolve the
ambiguities of the pion-nucleon-nucleon vertex that result from the non-relativistic reduction
of the full covariant pion-nucleon-nucleon vertex (see, e.g., [13, 15, 16] for more details).
In this paper, we study the A(p,K+)ΛB reaction within a fully covariant TNM by re-
taining the field theoretical structure of the interaction vertices and by treating the baryons
as Dirac particles. Similar to the model used in Ref. [17] to describe the K+ production in
elementary proton-proton (pp) collisions, the initial interaction between the incoming pro-
ton and a bound nucleon of the target is described by the one pion exchange mechanism
which makes the dominant contribution to the elementary ppK+Λ process. It should, how-
ever, be mentioned that some authors have used an alternative approach for the elementary
ppK+Λ reaction [18, 19, 20] in which kaon exchange mechanism between the two initial state
nucleons leads to the K+ production. We have not considered this mechanism here.
In our model, the initial state interaction of the incoming proton with a bound nucleon
leads to N∗(1650)[1
2
−
], N∗(1710)[1
2
+
], and N∗(1720)[3
2
+
] baryonic resonance intermediate
3
states which make predominant contributions to elementary pp→ pK+Λ cross sections in the
beam energy range from near threshold to 10 GeV [17]. Terms corresponding to interference
among various resonance excitations are included in the total reaction amplitude. We have
ignored the diagrams of type 1(a) since contributions of such processes are expected to be
very small in comparison to those of the TNM. In this first exploratory study our aim is
primarily to establish the relativistic TNM mechanism for the (p,K+) reaction. Therefore,
to reduce the computational complications we have used plane waves to describe the relative
motions of incoming proton and outgoing kaon.
In section II, we present the details of our formalism for calculating the amplitudes corre-
sponding to the diagrams shown in Fig. 1b and 1c. The results of our calculations performed
for the 40Ca(p,K+)41ΛCa reaction are presented and discussed in section III. Summary and
conclusions of our work are given in section IV.
II. FORMALISM
The effective Lagrangian for the nucleon-nucleon-pion (NNpi) and N∗-nucleon-pion
(N∗Npi) vertices are given by
LNNpi = −
gNNpi
2mN
Ψ¯γ5γµτ · (∂
µΦpi)Ψ. (1)
LN∗
1/2
Npi = −gN∗
1/2
NpiΨ¯N∗
1/2
iΓτΦpiΨ+ h.c., (2)
LN∗
3/2
Npi =
gN∗
3/2
Npi
mpi
Ψ¯N
∗
µ Γpiτ · ∂
µΦpiΨ+ h.c.. (3)
We have used notations and conventions of Bjorken and Drell [21]. In Eq. (1) mN denotes
the nucleon mass. The operator Γ (Γpi) is either γ5 (unity) or unity (γ5) depending upon
the parity of the resonance being even or odd, respectively. We have used a pseudovector
(PV) coupling for the NNpi vertex and a pseudoscalar (PS) one for the N∗1/2Npi vertex
which provides the best description of the elementary pp → pΛK+ data [17]. The effective
Lagrangians for the resonance-hyperon-kaon vertices are written as
LN∗
1/2
ΛK+ = −gN∗
1/2
ΛK+Ψ¯N∗iΓτΦK+Ψ+ h.c.. (4)
LN∗
3/2
ΛK+ =
gN∗
3/2
ΛK+
mK+
Ψ¯N
∗
µ Γpiτ · ∂
µΦK+Ψ+ h.c.. (5)
The operator Γ, in Eq. (4), is defined in the same way as in Eq. (2). In Eqs. (3) and (5) ΨN
∗
µ
is the vector spinor for the spin-3
2
particle. Further discussions about the vertices involving
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such particles are given in Refs. [17, 22]. Signs and values of various coupling constants
have been taken from [17] which are shown in Table I. In Eqs. (1)-(3), the NNpi, N∗1/2Npi
and N∗3/2Npi vertices are corrected for the off-shell effects by multiplying the corresponding
coupling constants by form factors of the same forms as used in Ref. [17]. The values of the
cut-off parameters appearing therein are taken to be 1.2 GeV in all the cases.
The propagators for pion and spin-1
2
and spin-3
2
intermediate resonances are given by
Dpi(q) =
i
q2 −m2pi − Π(q)
, (6)
DN∗
1/2
(p) = i

 pηγη +mN∗1/2
p2 − (mN∗
1/2
− iΓN∗
1/2
/2)2

 , (7)
DµνN∗
3/2
(p) = −
i(p/+mN∗
3/2
)
p2 − (mN∗
3/2
− iΓN∗
3/2
/2)2
×[gµν −
1
3
γµγν −
2
3m2N∗
3/2
pµpν +
1
3m2N∗
3/2
(pµγν − pνγµ)]. (8)
In Eq. (6), Π(q) is the (complex) pion self energy which accounts for the medium effects
on the propagation of the pion in the nucleus. In Eqs. (7) and (8), ΓN∗ is the total width
of the resonance which is introduced in the denominator term to account for the finite life
time of the resonances for decays into various channels. ΓN∗ is a function of the center
of mass momentum of the decay channel, and it is taken to be the sum of the widths
for pion and rho decay (the other decay channels are considered only implicitly by adding
their branching ratios to that of the pion channel) [17]. The medium corrections on the
intermediate resonance widths has not been included as we do not expect any major change
in our results due to these effects. As is pointed out in [23], the medium correction effects
on widths of the s- and p-wave resonances, which make the dominant contribution to the
cross sections being investigated here, are quite small which can also be proved by following
the method presented in [24]). On the other hand, any medium modification in the width
of the d-wave resonance is unlikely to alter our results significantly as their contributions to
the cross sections are negligibly small (see the subsequent discussions).
After having established the effective Lagrangians, coupling constants and forms of the
propagators, one can write down, by following the well known Feynman rules, the ampli-
tudes for various graphs [Figs. 1b and 1c] which can be evaluated numerically by using the
techniques described in Refs. [15, 25]. While writing the amplitudes the isospin part is
treated separately which gives rise to a constant factor for each graph. For example, the
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amplitude for graph 1b with spin-1
2
baryonic resonance is given by,
M1b(N
∗
1/2) = C
1b
iso
(
gNNpi
2mN
)
(gN∗
1/2
Npi)(gN∗
1/2
ΛK+)ψ¯(p2)γ5γµq
µ
× ψ(p1)Dpi(q)ψ¯(pΛ)γ5DN∗
1/2
(pN∗)γ5
× φ
(−)∗
K (p
′
K , pK)ψ
(+)
i (p
′
i, pi), (9)
where various momenta are as defined in Fig. 1b. In addition, pN∗ is the momentum as-
sociated with the intermediate resonance and pΛ is that associated with the Λ hyperon.
The isospin factor C1biso is unity for both the graphs 1(b) and 1(c). The functions ψ are
the four component (spin space) Dirac spinor in momentum space [15, 25]. φ
(−)∗
K (p
′
K , pK)
[ψ
(+)
i (p
′
i, pi)] is the wave function for the outgoing kaon [incoming proton] with appropriate
boundary conditions.
To get the T matrix of the (p,K+) reaction, one has to integrate the amplitude corre-
sponding to each graph over all the independent intermediate momenta subject to constraints
imposed by the momentum conservation at each vertex. For instance, for the amplitude cor-
responding to Eq. (6) the respective T matrix is given by
T1b(N
∗
1/2) =
∫
d4p′i
(2pi)4
∫
d4p′K
(2pi)4
∫
d4pΛ
(2pi)4
∫
d4p2
(2pi)4
× δ(q − p1 + p2)δ(pN∗ − pK − pΛ)
× δ(pΛ − p
′
i − q + p
′
K)M1b(N
∗
1/2). (10)
For the computation of the amplitudes we make use of the momentum space Dirac equa-
tion in an external potential field [15, 25]
p/ψ(p) = mNψ(p) + F (p), (11)
where
F (p) = δ(p0 − E)
[∫
d3p′Vs(−p
′)ψ(p+ p′)
− γ0
∫
d3p′V 0v (−p
′)ψ(p+ p′)
]
. (12)
In Eq. (12), Vs and V
0
v represent a scalar potential and time-like component of a vector
potential in the momentum space. Using Eqs. (11)-(12) the amplitudes can be reduced
to a form which is suitable for numerical computations. In this study, the incoming pro-
ton spinor ψ
(+)
i (p
′
i, pi) and the outgoing kaon wave function φ
(−)∗
K (p
′
K , pK) are replaced by
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their plane wave counterparts. This makes redundant the integrations over variables p′i and
p′K in Eq. (10). The final T matrix (T ) is obtained by summing the transition matrices
corresponding to all the graphs.
The differential cross section for the (p,K+) reaction is given by
dσ
dΩ
=
1
(4pi)2
mpmAmB
(Epi + EA)
2
pK
pi
∑
mimf
|Tmimf |
2, (13)
where Epi and EA are the total energies of incident proton and the target nucleus, respec-
tively while mp, mA and mB are the masses of the proton, and the target and residual nuclei,
respectively. The summation is carried out over initial (mi) and final (mf ) spin states.
III. RESULTS AND DISCUSSIONS
A. The bound state spinors
We have chosen the reaction 40Ca(p,K+)41ΛCa for the first numerical application of our
method. The spinors for the final bound hypernuclear state (corresponding to momentum
pΛ) and for two intermediate nucleonic states (corresponding to momenta p1 and p2) have
been determined by assuming them to be pure-single particle or single-hole states with the
core remaining inert. The quantum numbers of the two intermediate states are taken to be
the same. The spinors in the momentum space are obtained by Fourier transformation of
the corresponding coordinate space spinors which are obtained by solving the Dirac equation
with potential fields consisting of an attractive scalar part (Vs) and a vector part (Vv) with
the Woods-Saxon geometry. With a fixed set of the geometry parameters (reduced radii rs
and rv and diffusenesses as and av), the depths of the potentials were searched in order to
reproduce the binding energies of the particular state (the corresponding values are given
in Table II). The quantum numbers as well as the single baryon binding energies for final
hypernuclear states have been taken from the density dependent relativistic hadron field
(DDRH) theory predictions of Ref. [5], which reproduce the corresponding experimental
binding energies quite well.
To have an idea of the relative strengths of the upper and lower components of the Dirac
spinors as a function of the transferred momentum, we show, e.g., in Fig. 2(a) the 0p3/2 Λ
hyperon spinors in momentum space for the 41ΛCa hypernucleus. Similar to the observation
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made in Ref. [15] for nucleon spinors, we note that only for momenta < 1.5 fm−1, is the lower
component of the spinor substantially smaller than the upper component. In the region of
momentum transfer pertinent to to exclusive kaon production in proton-nucleus collisions,
the magnitudes of the upper and lower components are of the same order of magnitude. This
clearly demonstrates that a fully relativistic approach is essential for an accurate description
of processes.
The spinors calculated in this way provide a good description of the experimental nucleon
momentum distributions for various nucleon orbits as is shown in Ref. [15]. In Fig. 2(b) we
show the momentum distribution of the Λ hyperon in the 0p3/2 state in
41
ΛCa. The momentum
distribution is defined as q2[|F (q)|2 + |G(q)|2] [26]. It is clear that the momentum density
of this hyperon shell is of the order of 100 at the momentum of 0.35 GeV/c as compared to
10−8 - 10−9 at that of 1.0 GeV/c. Thus in the TNM where the sensitivity of the process
is shifted to lower momentum transfers, one expects to get a larger cross section for the
exclusive meson production reactions.
B. Strangeness production
A crucial quantity needed in the calculations of the Kaon production amplitude [Eq. (9)],
is the pion self-energy, Π(q), which takes into account the medium effects on the intermediate
pion propagation. Since the energy and momentum carried by such a pion can be quite large
(particularly at higher proton incident energies), a calculation of Π(q) within a relativistic
approach is mandatory. In our study we have adopted the approach of Ref. [27] for this
purpose where contributions from the particle-hole (ph) and delta-hole (∆h) excitations are
taken into account. The self-energy has been renormalized by including the short-range
repulsion effects by introducing the constant Landau-Migdal parameter g′ which is taken
to be the same for ph − ph and ∆h − ph and ∆h − ∆h correlations which is a common
choice. All the relevant formulas for this calculation are given in Ref. [15]. The parameter
g′ is supposed to mock up the complicated density dependent effective interaction between
particles and holes in the nuclear medium. Most estimates give a value of g′ between 0.5 -
0.7. Like previous studies of e.g., (p, pi) [15] and (p, p′pi) [28] reactions, (p,K+) cross sections
too are expected to show sensitivity to the parameter g′.
In Fig. 3 we show, e.g., the pion self-energy calculated at zero energy (q0 = 0) for several
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values of g′ for a Fermi momentum of 230 MeV/c. Π(q) is real and attractive for this case.
We note that for g′ = 0 the self energies are large; there magnitude decreases with increasing
value of the parameter g′. It may be remarked here that the magnitudes of self-energies as
shown in Fig. 3 (with g′ =0.5 - 0.7) are in good agreement with those reported in Ref. [29]
where calculations have been done within a relativistic mean field model.
Some remarks can already be made about the effect of the self-energy correction (to the
pion propagator) on various amplitudes. For the diagramme 1(c), the energy (q0) associated
with the intermediate pion is almost equal to that of the incident proton. Therefore, in the
absence of the self energy term, poles may appear in the momentum integration for this
diagramme. With the inclusion of self-energy (which, in general, is complex at non-zero
energies), the pole is automatically removed from the real axis and the pole integration
problem disappears and the graph 1(c) becomes well behaved.
On the other hand, for the diagramme 1(b) where q0 ≈ 0, the self-energy is real and
attractive (as can be seen from Fig. 3). This leads to a small denominator of the pion
propagator leading to a consequent increase in the contribution of this graph. Indeed, for
magnitudes of the self-energies ≈ (q2 +m2pi), the integration in the T matrix of graph 1(b)
may even involve poles. While the self-energy effects will give a considerable increase in
the calculated cross sections, the poles in the amplitude corresponding to graph 1(b) are
unphysical [30]. These poles are just the pion condensates seen in early calculations of the
pion polarization potential in nuclei [31]. This effect arises because nucleon-hole and ∆-hole
interactions are strongly attractive at short distances. In actual situation, one should also
include the strong short-ranged repulsion which comes from the exchange of heavy mesons
and other many body effects; when this is done, the spurious pole problem disappears. The
distortion effects, which has not been considered here, may also ”soften” the poles.
In Fig. 4, we show the kaon angular distributions corresponding to various final hypernu-
clear states excited in this reaction. We have taken g′ = 0.5 throughout in this figure. In all
the cases the diagram 1(b) makes a dominant contribution to the cross sections. Clearly, the
cross sections are quite selective about the excited hypernuclear state, being maximum for
the state of largest orbital angular momentum. This is due to the large momentum transfer
involved in this reaction. It may be noted that in each case the angular distribution has a
maximum around 10◦ and not at 0◦ as seen in previous non-relativistic calculations for this
reaction. This is the consequence of using Dirac spinors for the bound states. There are
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several maxima in the upper and lower components of the momentum space bound spinors
[15] in the region of large momentum transfers. Therefore, in the kaon angular distribution
the first maximum may shift to larger angles reflecting the fact that the bound state wave
functions show diffractive structure at higher momentum transfers [15].
In Fig. 5, we show the dependence of our calculated cross sections on pion self-energy. It is
interesting to note that this has a rather large effect. We also note a surprisingly large effect
on the short range correlation (expressed schematically by the Landau- Migdal parameter
g′). Similar results have also been reported in case of the (p, pi) reactions. However, more
definite statements about the usefulness of (p,K+) reactions in probing the medium effects
on the pion propagation in nuclei must await the inclusions of distortions in the incident
and outgoing channels and exchange of heavy intermediate mesons (ρ and ω).
The relative importance of the contribution of each intermediate resonance to our reaction
is shown in Fig. 5. It is clear that contributions from the N∗(1710) resonance dominate the
total cross section at this beam energy. We also note that the interference terms of the
amplitudes corresponding to various resonances are not negligible. It should be emphasized
that we have no freedom in choosing the relative signs of the interference terms. This result
is similar to that observed in the study of the elementary pp→ pΛK+ reaction [17] at this
beam energy.
The cross sections near the peak are found to be about 0.1 nb/sr for the excitation of the
41
ΛCa(0d3/2) hypernuclear state at the beam energy of 2.0 GeV. This is of the same order of
magnitude as the upper limit of the experimental center of mass cross section deduced for
this reaction on a 4He target at the same beam energy [6]. Nevertheless, the short-range
correlations driven by heavy meson exchange diagrams could enhance these cross sections.
Also use of the bound state wave functions calculated within a microscopic theory like
DDRH [5] is desirable. Although the spinors for various states calculated with our well-
depth search method are in good agreement with those of the DDRH theory, the parameters
of the potential well are not unique. Inclusion of these effects in our TNM model is in
progress. The distortion effects in the incident and outgoing channels are also being taken
into account in much the same way as it has been done in the TNM calculations of the (p, pi)
reaction in Ref. [25].
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IV. SUMMARY AND CONCLUSIONS
In summary, we have made the first exploratory study of the A(p,K+)ΛB reaction on
a 40Ca target within a fully covariant general two-nucleon mechanism where in the initial
collision of the incident proton with one of the target nucleons (which is mediated by the
one-pion exchange mechanism), N∗(1710), N∗(1650), and N∗(1720) baryonic resonances are
excited which subsequently propagate and decay into the relevant channels. Wave functions
of baryonic bound states are obtained by solving the Dirac equation with appropriate scalar
and vector potentials. We have ignored, for the time being, the distortion effects in the
incident and the outgoing channels as our main aim in this paper has been to establish a
realistic two nucleon model for this reaction which has not been done before.
In our model the (p,K+) reaction proceeds predominantly via excitation of the N∗(1710)
resonant state at the beam energy around 2 GeV. We find that the nuclear medium cor-
rections to the intermediate pion propagator introduce large effects on the kaon differential
cross sections. There is also the sensitivity of the cross sections to the short-range correlation
parameter g′ in the pion self-energy. Thus, (p,K+) reactions may provide an interesting tool
to investigate the medium corrections on the pion propagation in nuclei. A useful future
study would be to investigate this reaction also within an initial state kaon exchange model
as it might make it possible to probe the kaon self energy in the nuclear medium. Results
of such calculations together with the distortion effects will be presented elsewhere.
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TABLE I: Coupling constants and cutoff parameters for various vertices used in the calculations.
Intermediate State Decay channel g Cutoff parameter
(GeV)
N Npi 12.56 1.2
N∗(1710) Npi 1.04 1.2
ΛK+ 6.12 1.2
N∗(1650) Npi 0.81 1.2
ΛK+ 0.76 1.2
N∗(1720) Npi 0.21 1.2
ΛK+ 0.87 1.2
TABLE II: Searched depths of vector and scalar potentials and the binding energies of the Λ and
nucleon bound states. In each case we have taken rv, rs = 0.987 fm and av = 0.68 fm and as =
0.70 fm.
State Binding Energy Vv Vs
(MeV) (MeV) (MeV)
41
ΛCa(0s1/2) 17.882 154.884 -191.215
41
ΛCa(0p3/2) 9.677 179.485 -221.587
41
ΛCa(0p1/2) 9.140 188.188 -232.331
41
ΛCa(0d5/2) 1.544 207.490 -256.160
41
ΛCa(1s1/2) 1.108 192.044 -237.091
41
ΛCa(0d3/2) 0.753 230.206 -284.205
40Ca(0d3/2) 8.333 360.980 -445.660
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FIG. 1: Graphical representation of one- and two-nucleon models. The elliptic shaded area repre-
sent the optical model interactions in the incoming and outgoing channels.
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FIG. 2: (a) Momentum space spinors (WF) for 0p3/2 Λ orbit in
41
ΛCa hypernucleus. |F (q)| and
|G(q)| are the upper and lower components of the spinor, respectively. (b) momentum distribution
(Mom. Distr.)for the same state hyperon calculted with wave functions shown in (a).
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FIG. 3: Real part of the renormalized pion self energy at zero energy as a function of momentum
for symmetric nuclear matter at saturation density ρ0. Contributions of both ph and ∆h excitations
are included. The results obtained with g′ = 0.0, 0.5, and 0.7 are shown by dotted, solid and dashed
lines, respectively.
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FIG. 4: Differential cross section for the 40Ca(p,K+)41ΛCa reaction for the incident proton energy
of 2.0 GeV for various bound states of final hypernucleus as indicated in the figure. The Λ sepa-
ration energies for 0d3/2, 0d5/2, 0p3/2, 0p1/2, 1s1/2 and 0s1/2 states were taken to be 0.7529 MeV,
1.5435 MeV, 9.6768 MeV, 9.1400 MeV, 17.8820 MeV, and 1.1081 MeV, respectively. The quantum
number and the binding energy of the two intermediate nucleon states were 0d3/2 and 8.3282 MeV,
respectively.
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FIG. 5: Differential cross section for the 40Ca(p,K+)41ΛCa(0d3/2) reaction for the incident proton
energy of 2.0 GeV. The dotted line shows the results obtained without including the pion self-energy
in the denominator of the pion propagator while full, dashed and dashed-dotted lines represent the
same calculated with pion self-energy renormalized with Landau-Migdal parameter of 0.5,0.6 and
0.7, respectively.
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FIG. 6: Contributions of N∗(1710) (dashed line), N∗(1650) (dashed-dotted line) and N∗(1720)
(dotted line, plotted after multiplying the actual cross sections by the factor shown) to the differ-
ential cross section for the 40Ca(p,K+)41ΛCa(0d3/2) reaction for the incident proton energy of 2.0
GeV. Their coherent sum is shown by the full line.
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